Introduction
Congenital abnormalities of the respiratory system are often part of multiorgan syndromes associated with genetic, environmental, or nutritional imbalances. The lungs and trachea, as well as the thyroid, stomach, liver, and pancreas, are derivatives of the primitive foregut. Developmental defects in these structures are present in a number of conditions, such as VACTERL association, CHARGE syndrome, Potter syndrome, and "schisis" syndrome (1) . Their etiology and pathogenesis are still poorly understood. There is accumulated evidence of an association between vitamin A deficiency and lung birth defects. For example, this has been recently documented in PAGOD syndrome, in which pulmonary hypoplasia is a hallmark feature (2) . Moreover, mutations in STRA6, which encodes a receptor essential for cellular uptake of the retinoic acid (RA) precursor vitamin A, have been identified in patients with Matthew-Wood syndrome (3) . This multisystem disease encompasses a broad spectrum of malformations, including lung agenesis, which can result from the disruption of critical RA-dependent molecular and cellular events during organogenesis. Indeed, the devastating pleiotropic effects of vitamin A deficiency in the embryo have been known for decades from animal studies. These are particularly striking in the developing respiratory system, in which the defects range from lung hypoplasia to bilateral lung agenesis in the most severe cases (4) .
Additional evidence of the importance of RA in lung formation comes from analysis of mice deficient in components of the RA pathway, such as RA receptors (Rar and Rxr) or Raldh2 (also known as Aldh1a2), a retinaldehyde dehydrogenase crucial for RA synthesis during development (5) (6) (7) . Collectively these mutants recapitulate the range of developmental defects originally reported in the vitamin A-deficient models. These studies also show that although RA is not required to specify lung cell fate in the endoderm, it is essential for the induction of the primordial lung buds (8, 9) . The extensive RA synthesis and receptor activation in the foregut at the onset of lung development further support the idea that RA controls pathways critical for the initiation of lung morphogenesis (10) . Although Tgfβ and Fgf signaling have been previously implicated in this process, the interaction of RA with these pathways could not fully explain RA's effects in the early lung (8, 9, 11) . Thus, the molecular basis for the lung agenesis phenotype observed in vitamin A deficiency remains an open question.
Here we examined this issue by analyzing the signaling events in the foregut during initiation of lung morphogenesis under normal and RA-deficient conditions. By using a combined genetic and pharmacological approach, we present evidence that endogenous RA acts as a major regulatory signal integrating the Wnt and Tgfβ pathways in the control of Fgf10 induction in the foregut mesoderm. We showed that the activation of Wnt signaling required for the emergence of the primordial lung was dependent on local repression of Dickkopf homolog 1 (Dkk1) by endogenous RA. Moreover, we showed that simultaneously activating Wnt and repressing Tgfβ led to formation of both lung buds in RA-deficient foreguts. These findings unveil molecular interactions critical for lung progenitor cell development in the foregut and shed light onto the pathogenesis of abnormalities induced by vitamin A deficiency.
Results

Dkk1 is aberrantly expressed in RA-deficient foreguts.
In a previous effort to investigate the molecular mechanisms of lung agenesis, we analyzed global transcriptional profiles of mouse embryonic foreguts from a pharmacological and a genetic model of RA deficiency. RA-deficient specimens consisted of E8.5 WT foreguts cultured for 24 hours with the RA receptor antagonist BMS493 (referred to herein as BMS) or E8.5 Raldh2-null foreguts cultured in control medium; both showed lung agenesis. RA-sufficient specimens were either control WT or Raldh2-null foreguts in which lung formation was rescued by exogenous RA (7) (8) (9) 11) . Among the genes differentially expressed, we found that Dkk1, an endogenous Wnt signaling antagonist, was significantly upregulated in RA-deficient foreguts from both models (BMS model, 3.5-fold, P = 1.46 × 10 -9 ; Raldh2-null model, 2.8-fold, P = 1.95 × 10 -8 ). To confirm this observation, we assessed Dkk1 expression by real-time PCR in RA-deficient and RA-sufficient foreguts and found a highly statistically significant increase in the levels of Dkk1 mRNA in BMS-treated versus untreated control foreguts (P = 0.002; Figure 1A ). Consistent with this, we also observed a dramatic increase in levels of Dkk1 in Raldh2-null foreguts compared with the respective null foreguts rescued by exogenous RA (P = 0.0005).
To learn about the distribution of Dkk1 transcripts in vivo, we performed in situ hybridization (ISH) analysis in embryos prior to and at the onset of lung development. Analysis of E8.5-E9.5 WT embryos revealed Dkk1 signals at restricted sites in the anterior foregut, such as the branchial arches (data not shown), but not in the prospective lung field ( Figure 1B ; 12 somite-stage [12S]), consistent with previous reports (12, 13) . In contrast, Dkk1 expression was strong throughout the foregut of Raldh2 -/-mutants at a similar stage (compare boxed regions in Figure 1 , B and C). Double ISH (Dkk1) and immunohistochemistry (Sox2, which labels the foregut endoderm) showed that in the absence of RA signaling, Dkk1 was ectopically expressed in both mesodermal and endodermal layers (Figure 1 , B and C, bottom). To further investigate the relationship between Dkk1 and RA, we compared the patterns of Dkk1 expression by whole-mount ISH (WMISH) and X-gal staining of a RA reporter mouse in vivo under RA-sufficient (RARElacZ) and -deficient (Raldh2 -/-RARElacZ) conditions. Interestingly, we found that overall Dkk1 and β-galactosidase were expressed in a reciprocal pattern in the E8.5-E9.5 embryo. For example, in the RA-sufficient embryos, Dkk1 transcripts were strong in the head and tail regions, where RARElacZ was inactive (Figure 1, D , E, G, and H). Conversely, Dkk1 expression was nearly absent in the trunk, including the midforegut region, which showed strong RARElacZ signals (Figure 1, D , E, G, and H, boxed regions). Remarkably, we found widespread increase in Dkk1 expression in Raldh2 -/-RARElacZ embryos, an RA-deficient line that carries a copy of the RA reporter transgene, which confirmed the absence of RA activation in most structures ( Figure 1, F and I) .
Next, we used WMISH to determine how Dkk1 expression was altered in the foregut explants in which we modulated RA signaling in vitro. Figure 1 , J-M, depicts Dkk1 expression under the different experimental conditions (top, 24 hours; bottom, corresponding morphological effects at 72 hours, as previously reported; refs. 8, 9, 11). Dkk1 signals were consistently stronger in both endodermal and mesodermal components of BMS-treated WT and Raldh2 -/-foreguts than in their respective RA-sufficient counterparts. Dkk1 upregulation was not restricted to the presumptive lung field, but was consistently prominent at this site ( Figure 1 , J-M, boxed regions). The data strongly suggest that Dkk1 expression is regulated by endogenous RA during foregut organogenesis and that this regulation may be functionally relevant for the emerging lung primordium.
Dkk1 is a direct target of RA in lung mesenchymal cells. To gain insights into the mechanism by which RA influences Dkk1 expression, we investigated a potential direct effect of RA in gene transcription. Analysis of mouse Dkk1 genomic sequences revealed 1 RA-responsive element (RARE) 1,212 bp upstream of the translation start site. The Dkk1 genomic fragment was cloned into a luciferase reporter-containing plasmid and transfected into lung mesenchymal (MLg) cells. These cells are derived from neonatal murine lung; upon RA activation, they show features -such as upregulation of Tgfβ targets and Fgf10 downregulation -that mimic the RA responses of our foregut culture system (11, 14) . Consistent with this, real-time PCR analysis of nontransfected MLg cells growing in control medium showed low levels of endogenous Dkk1; levels were further reduced by treatment with RA (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI40253DS1). RA treatment of MLg cells transfected with the WT Dkk1-promoter-luciferase construct significantly decreased luciferase activity compared with controls. The decrease was obliterated by mutating the RARE in the construct (Supplemental Figure 1 , B and C). Thus, the data strongly suggest that RA directly represses transcription of Dkk1.
RA regulates Wnt signaling during the initiation of lung morphogenesis. The above findings prompted us to investigate whether the changes in Dkk1 expression result in changes in Wnt signaling in the foregut. To assess canonical Wnt activity in our system, we used BATgal mice, a well-characterized TCF binding element-based LacZ reporter model (15) . Previous studies using BATgal or TOPgal, another canonical Wnt reporter line, showed reporter activity in the endoderm associated with the early lung (15-17). We did not detect BATgal activity in the foregut at E8.5, prior to the emergence of the lung buds (data not shown). However, signals were identified in both epithelial and mesenchymal layers of the trachea and lung primordium ( Figure 2 , A and B). BATgal activity was also present in the emerging lung buds from RA-sufficient cultured foreguts ( Figure 2C ).
Next, we examined how disruption of RA influences Wnt signaling. To help monitor canonical Wnt activity, we generated Raldh2 -/-mice carrying the BATgal transgene (Raldh2 -/-BATgal mice). Interestingly, no LacZ signals were detected in the presumptive lung Furthermore, we assessed expression of known targets of Wnt, such as Axin2 and Lef1 (18, 19) , by real-time PCR and found significant downregulation of these genes in RA-deficient foreguts from both models ( Figure 2G ). We concluded that canonical Wnt is regulated by RA signaling at the initiation of lung morphogenesis.
Lung bud formation is abrogated by Wnt inhibition.
To what extent does disruption of Wnt signaling contribute to the failure to form the lung primordium in RA-deficient foreguts? We reasoned that interfering primarily with Wnt signaling in RA-sufficient foreguts could reproduce the phenotype of RA-deficient foreguts. Two independent approaches were used to disrupt Wnt signaling. First, WT foreguts were treated with mouse recombinant Dkk1, which binds to the Wnt coreceptor Lrp5/6, making it unavailable to bind to Wnt (20) . Alternatively, foreguts were treated with quercetin, a flavanoid known to inhibit the interaction between Tcf and β-catenin in the nucleus (21) . Lung progenitors arise from the primitive foregut as a group of endodermal cells posterior to the thyroid that expresses NK2 homeobox 1 (Nkx2-1). Nkx2-1 is the earliest known marker of lung progenitor cell fate, although it is also expressed in the thyroid (22, 23) . Figure 3 , A and B, show a typical control foregut culture with emerging Nkx2-1-expressing lung buds.
Treatment with Wnt inhibitors had a dose-dependent negative effect in lung budding. Dkk1 had no effect on lung bud formation in the foreguts at 50 ng/ml. At 100-200 ng/ml, Dkk1-treated foreguts developed only a single lung bud (data not shown). Similarly, quercetin had no effect on lung formation in the foregut explants at 5 μm (data not shown). At the higher doses, however, 400 ng/ml Dkk1 (n = 15) and 10 μM quercetin (n = 9) suppressed formation of the lung primordium completely, so that the prospective lung field was identifiable only by local endodermal expression of Nkx2-1. The decreased intensity of Nkx2-1 signals was consistent with the requirement of Wnt signaling to maintain lung endodermal cell fate in the foregut (17, 24) . The Dkk1 phenotype was strikingly similar to that previously reported in BMS-treated foreguts (n = 23; Figure 3 , C-F, and refs. 8, 11). Thus, Wnt inhibition in WT foreguts led to lung agenesis. This effect was not caused by disruption of RA signaling or overall toxicity, since the RARElacZ foreguts cultured with recombinant Dkk1 or quercetin maintained strong lacZ signals in contrast to BMS-treated foreguts ( Wnt regulates Fgf10 expression during lung formation. Lung progenitor cell expansion and bud induction is critically dependent on the local activation of Fgfr2b signaling in the foregut endoderm by Fgf10 in the adjacent mesoderm (23, 25) . There is evidence that canonical Wnt directly regulates Fgf10 expression in the developing heart and limb (26, 27) . We asked whether the mechanism by which Wnt inhibition influences lung morphogenesis also involves interactions with Fgf10. During organogenesis, Fgf10 was locally expressed in the mesoderm associated with foregut derivatives, such as the lung and thyroid, consistent with the pattern seen in controls ( Figure 4A ). Analysis of explants in which Dkk1 treatment led to lung bud agenesis revealed no Fgf10 signals in the presumptive lung field (n = 5; Figure 4B ), again similar to RA-deficient foreguts (n = 7; Figure 4C ). To further consolidate the relationship between Wnt signaling and Fgf10 expression, we performed a gain-of-function experiment by treating the foreguts with a widely used Gsk3b inhibitor, SB216763. This compound inhibits the ability of Gsk3b to phosphorylate β-catenin, thereby allowing the nuclear translocation of β-catenin and the transcription of canonical Wnt targets (20) . Hyperactivation of Wnt signaling was demonstrated by widespread BATgal expression in these foreguts and by upregulation of Axin2 and Lef1 (compare Figure 4 , D and E, with Figure 3J ). As predicted, this led to a significant increase in Fgf10 signals and expansion of its domains (Figure 4 , compare A and F). Interestingly, analysis of morphology and Nkx2-1 expression revealed the presence of ectopic buds in the lung primordium and the neighboring stomach (7 of 11; Figure 4G ). The effect of hyperactivation of Wnt signaling in Fgf10 expression and bud formation was similarly observed upon engraftment of a Wnt3a-soaked bead in a WT control foregut ( Figure 4H and data not shown) .
Wnt activator or FGF10 rescues Dkk1-induced lung agenesis in RA-sufficient foreguts. To test whether the Dkk1-mediated disruption of lung morphogenesis is caused by insufficient local activation of Wnt signaling, we provided exogenous recombinant Wnt3a on beads to Dkk1-treated WT foreguts. A Wnt3a-soaked bead allowed formation of both lung buds in the presence of exogenous Dkk1 (5 of 5), whereas PBS-soaked control beads did not (7 of 7), as demonstrated by morphology and Nkx2-1 expression ( Figure 5 , A-C). Dkk1-mediated lung agenesis was similarly prevented by induction of endogenous canonical Wnt signaling using the Gsk3b inhibitor (4 of 4; Figure 5D ).
We found that the inability to induce Fgf10 in the presence of Dkk1 was the ultimate reason for the failure to form lung buds. Dkk1-treated foreguts in which FGF10-soaked beads were engrafted showed bud outgrowth and Nkx2.1 expression in the epithelium associated with the bead (3 of 3; Figure 5E ). The response to FGF10 was similar to that in BMS-treated foreguts (6 of 7; Figure  5F ). From these data, we concluded that loss of Wnt signaling, even in the presence of normal RA levels, prevents local induction of Fgf10 and disrupts lung formation. However, this seemed to be fully prevented by providing exogenous Wnt or by inducing the endogenous Wnt pathway.
Lung formation is only partially rescued by activating Wnt signaling in an RA-deficient background. Next we tested whether preventing the downregulation of Wnt signaling in RA-deficient foreguts could rescue lung agenesis. We cultured foregut explants in the presence of the RA antagonist BMS and a Wnt3a-soaked bead (400 ng/ml). Surprisingly, only a single bud was induced in the lung field, as confirmed by the strong local expression of Nkx2-1 (11 of 11). This was puzzling, since assessment of BATgal and Fgf10 expression showed signals of apparently equal intensity at both sides of the prospective lung endoderm, consistent with bilateral rescue (3 of 3; Figure 5 , G-J). Bilateral expression of Fgf10 was also seen in Raldh2-null foreguts cultured with the Wnt3a bead (3 of 3; Figure 5 , O and P). The discrepancy between the unilateral rescue of the lung bud and the bilateral induction of BATgal and Fgf10 was similarly observed when Gsk3b inhibitor was provided, instead of Wnt3a, in conjunction with BMS (5 of 5; Figure 5 , K-N). It appears that in the setting of RA deficiency, activation of Wnt signaling can only elicit 1 bud formation despite bilateral expression of Fgf10.
Both Wnt activation and Tgfβ inhibition are required to rescue lung bud formation in RA-deficient foreguts. We have previously reported that disruption of RA signaling results in hyperactivation of the Tgfβ pathway in the foregut mesoderm. We also showed that antagonizing Tgfβ in RA-deficient foreguts only rescued 1 lung bud, similar to RA-deficient foregut treated with Wnt activators (11). We reasoned that correcting the changes in Wnt and Tgfβ signaling of RA-deficient foreguts could rescue lung morphogenesis at both sides. Thus, we analyzed RA-deficient foreguts in which we simultaneously activated Wnt by using either the recombinant Wnt3a in beads or the Gsk3b inhibitor, while inhibiting Tgfβ signaling by using either the Tgfβ receptor 1 antagonist SB431542 (28) or a pan-specific Tgfβ blocking antibody (200 μg/ml; refs. 11, 29). Strikingly, Nkx2-1-expressing lung buds were seen bilaterally in the foregut in both the genetic and the pharmacologic models of RA deficiency ( Figure 6, A and E) .
The rescue was most efficient when Tgfβ blocking antibody and Wnt3a were combined. This combination resulted in clearly distinct foci of Fgf10 expression and well-elongated lung buds (11 of 11; Figure 6 , A-D). Bud elongation was less prominent when Gsk3b inhibitor was used to activate Wnt (5 of 7; Figure 6 , E-H). This could be explained by less effective inhibition of the Tgfβ pathway, and thus less growth, in the presence of Gsk3b inhibitor.
Indeed, endogenous Gsk3b can act as a negative regulator of Tgfβ signaling (30) . Thus, RA appears to be critical in the foregut in controlling at least 3 major pathways, Tgfβ, Wnt, and Fgf, to allow proper formation of the lung primordium.
Discussion
Here we provide evidence of what we believe to be a novel mechanism linking RA to Wnt, Tgfβ, and Fgf10 signaling during lung bud induction. The picture that emerges from our study is that of RA as a major regulatory signal integrating multiple pathways in the foregut to allow prespecified respiratory progenitors to expand and form the lung primordium (Figure 7) .
Analysis of RARElacZ reporter mice during early organogenesis reveals a strong and relatively uniform pattern of RA activation throughout the foregut (10, 31) . This pattern contrasts with the localized effects of endogenous RA in the various foregut derivatives, suggestive of an RA regulation of local networks. Our study suggests that, at least for the developing lung, this effect is achieved by coordinate modulation of the Wnt, Tgfβ, and Fgf pathways. The distinct BATgal signals in the lung and thyroid fields of control foreguts and the selective elimination of these signals in the lung in RA-deficient foreguts (Figure 2 , E-H) support a positive role for endogenous RA in regulating canonical Wnt locally during induction of the lung primordium. Remarkably, endogenous RA at the same time negatively regulates Tgfβ signaling in the foregut. We have previously shown that disruption of RA results in widespread activation of Tgfβ signaling and of its targets in the foregut mesoderm (11) . In the mesoderm, these pathways converge to Fgf10, which is induced by Wnt and inhibited by Tgfβ signaling. Thus, by acting on Wnt and Tgfβ, RA ultimately fine tunes levels and distribution of Fgf10 critical for initiation of lung morphogenesis. The relevance of this mechanism in controlling bud formation is further supported by the widespread induction of Fgf10 and ectopic buds observed in the lung and neighboring stomach in our Wnt gain-of-function experiments (Figure 4, F-H) .
Wnt activation in the context of RA deficiency appeared to rescue BATgal and Fgf10 expression at both sides of the lung field. It is intriguing, however, that this did not necessarily translate into bilateral induction of lung buds, unless Tgfβ signaling was simultaneously inhibited (Figures 5 and 6 ). Lung progenitor cells in the foregut endoderm seem to require different thresholds of Fgf10-mediated activation to form each of the lung buds. This threshold was achieved bilaterally by balancing Wnt and Tgfβ signaling in the lung field. Our data suggest that RA acts in both mesodermal and endodermal layers. In the foregut mesoderm, RA controls the stoichiometry of Fgf10 required for bud formation by balancing Wnt (via Dkk1) and Tgfβ signaling in each side. This is evident from the asymmetric expression of Fgf10 from the onset of lung development (10, 32) . Furthermore, the RA status appears to influence the response of the foregut endoderm to Fgf10. We speculate that this occurs through RA regulation of a still-unidentified Tgfβ target asymmetrically distributed in the left-right aspect of endoderm. Potential functions of this target could include local regulation of Fgf10-Fgfr binding or activation. Together, these could explain, at least in part, why vitamin A-deficient rats, Raldh2-null mice insufficiently rescued with low doses of RA, or Rara/Rarb-null mice have only one lung, which is invariably hypoplastic (4-6).
We could not identify asymmetric distribution of RA, Tgfβ, or Wnt pathway components, either in our screen or in previous reports. The presence of asymmetric defects in other developing structures of RA-deficient animals (e.g., forelimbs) is suggestive of RA interaction with molecular determinants of left-right axis (33) (34) (35) (36) .
Our results suggest that the mechanism by which RA regulates canonical Wnt signaling in the foregut is through direct transcription repression of Dkk1. Although the effects of RA on Wnt signaling are known in other systems, to our knowledge, the involvement of Dkk1 in RA-Wnt interactions has not been previously reported. We propose that under RA-deficient conditions, Dkk1 expression is derepressed in the foregut. Dkk1 is known to antagonize Wnt ligand-receptor binding. Thus, Dkk1 prevents local activation of Wnt signaling by ligands, such as Wnt2 and Wnt2b, locally expressed in the foregut mesoderm at the prospective lung field (17, 37) . Activation of canonical Wnt signaling by these ligands has been recently shown to be crucial for lung progenitor cell specification (17, 24) . Interestingly, we found that endodermal disruption of RA, and consequently β-catenin, signaling reduced Nkx2-1 expression locally in the lung field, but did not prevent specification of lung progenitor cells. It is possible that in RA-deficient foreguts, levels of Dkk1 still allow some Wnt signaling to occur at early stages, enough to specify the lung endoderm.
In conclusion, our study presents evidence of RA integrating multiple pathways in the foregut to regulate formation of the lung primordium. Our data strongly suggest that disruption of RA regulation of Wnt/Tgfβ/Fgf10 interactions represents the molecular basis for the failure to form the lung, classically reported in vitamin A deficiency. Better knowledge of the molecular pathways regulating early lung organogenesis is critical for the understanding of the pathogenesis of lung congenital malformations. This is particularly relevant in the context of conditions associated with disruption of RA signaling. Mutations in components of this pathway have been identified in human syndromes (2, 3) . The effect of the worldwide nutritional deficiency of vitamin A in the early events described here still has not been clearly established and deserves to be further investigated. After all, hypovitaminosis A represents the third most common nutritional deficiency in the world, being found in a large population of women of child-bearing age in developing countries (38, 39) .
Methods
Raldh2-null, RARElacZ reporter, and BATgal reporter mice. Raldh2-null mutants were characterized previously. Raldh2 -/-embryos were distinguished from their littermates by their phenotypic features and by PCR genotyping (7). RA pathway activation was detected using RARElacZ reporter mice (31) . Canonical Wnt signaling was detected using BATgal reporter mouse, a TCF-promoter-lacZ based reporter (15) . Raldh2 +/-RARElacZ mice were generated by crossing Raldh2 +/-mice (provided by P. Dollé, Institute of Genetics and Molecular and Cell Biology, Illkirch, France) and RARElacZ mice (provided by J. Rossant, University of Toronto, Toronto, Ontario, Canada). The progeny was subsequently mated with another Raldh2 +/-mouse to generate Raldh2 -/-RARElacZ embryos. Similarly, Raldh2 +/-BATgal mice were generated by crossing the 2 respective lines, which were crossed again with Raldh2 -/-mice to generate Raldh2 -/-BATgal embryos for analysis. X-gal staining was used to visualize lacZ expression in all reporter lines (10) . All animal protocols used were approved by the Boston University IACUC.
Foregut explant cultures. The foregut culture system has been reported previously (8) . Briefly, foreguts were isolated from E8.5 embryos (8S-12S) and cultured for 72 hours (unless otherwise specified) at 37°C, 95% air, and 5% CO2, on 6-well Transwell-Col dishes (Fisher Scientific) containing 1.5 ml BGJb medium (Invitrogen), 0.3 mg vitamin C (Sigma-Aldrich), and 10% fetal calf serum (Invitrogen) with or without the specific modulators of RA, Tgfβ, or Wnt signaling (see below). Media were changed daily. In some experiments, heparin beads soaked in human recombinant FGF10 (100 ng/ml; R&D systems), mouse recombinant Wnt3a (1 μg/ml; R&D systems), or PBS (Invitrogen) were grafted onto the foregut. For all experiments, conclusions were based on the evaluation of at least 3 independent specimens per culture condition.
Modulation of RA, Wnt, and Tgf β signaling. BMS (10 -6 M; provided by C. Zusi, Bristol-Myers-Squibb, Wallingford, Connecticut, USA), a pan-RA receptor antagonist, was used to antagonize RA receptor-dependent signaling (40) . All-trans RA (10 -7 M; Sigma-Aldrich) was used to rescue RA signaling in Raldh2 -/-foreguts. The Tgfβ receptor 1 antagonist SB431542 (10 μM; Sigma-Aldrich) or a pan-specific TGFβ-blocking antibody (200 μg/ml; R&D Systems) dissolved in the medium was used to inhibit Tgfβ signaling (10, 22, 23) . Recombinant mouse Dkk1 (400 ng/ml; R&D Systems) or quercetin (10 μM; Sigma-Aldrich) was used to inhibit canonical Wnt signaling (21, 41) , and heparin beads soaked in the Gsk3b inhibitor SB216763 (10 μM; Sigma-Aldrich) or Wnt3a (1,000 ng/ml; R&D Systems) were used to activate canonical Wnt signaling (42) .
MLg cell culture and real-time PCR. Mouse neonatal lung MLg cells were cultured in DMEM with or without all-trans RA (10 -6 M) for 24 hours. Total RNA was isolated (TRIzol; Invitrogen), reverse transcribed (1 μg RNA, SuperScript III First Strand; Qiagen) and amplified by real-time PCR (Taqman probes; Applied Biosystems). A dissociation curve was used to determine the relative concentration of the single PCR product; β-actin (Actb) message RNA was used for normalization.
Real-time quantitative PCR of the foregut explants. Foreguts were harvested after 24 hours in culture. The heart, anterior, and posterior thirds of the explants were separated and discarded. Total RNA from the midforeguts was isolated using RNeasy (Qiagen), reverse transcribed (SensiScript; Qiagen), and amplified by real-time PCR (TaqMan probes; Applied Biosystems). The level of Actb message RNA was used for internal control.
Plasmid constructions and site-directed mutagenesis. Genomic fragments consisting of -1,212 bp from the translation start site of 5′ region of the mouse Dkk1 gene were generated by PCR amplification. Fragments were cloned into KpnI and XhoI sites of pGL3 basic vector (pGLc basic; Promega). Constructs were verified by sequencing. The approximate 1.2-kb mouse Dkk1 promoter-luciferase construct, containing -1,212 bp of the mouse Dkk1 promoter fragment, was used as the template for mutation of the putative RARβ binding site (QuickChange II Site-Directed Mutagenesis Kit; Stratagene), according to the manufacturer's protocols. Mutation of the binding site was confirmed by sequencing.
Cotransfection and luciferase assay. MLg cells were cultured at an initial density of 1.5 × 10 5 cells/well in 6-well plates. WT and mutant approximately 1.2-kb mouse Dkk1 promoter-luciferase construct (2 μg) and renilla constructs (6 ng) were cotransfected into MLg cells with the DEAE-dextran/chloroquine method as described previously (43) . After 24 hours of transfection, MLg cells were cultured in DMEM with or without all-trans RA (1 × 10 -6 M) for an additional 24 hours. Luciferase and renilla activities were analyzed with dual luciferase system (Promega) as described previously (44) .
ISH. WMISH was performed in 96-well plates as previously described (45) . Briefly, digoxigenin-labeled (DIG-labeled) riboprobes (Maxiscript Kit; Ambion), were generated and amplified from cDNAs of genes of interest. Specimens were rehydrated; digested with proteinase K (Applied
Figure 7
An RA-dependent network in the foregut controls formation of the lung primordium. During primary lung bud morphogenesis, RA signaling in the foregut mesoderm allows induction of the Wnt pathway by suppressing Dkk1 expression; RA also inhibits Tgfβ signaling. The balanced activity of Wnt and Tgfβ leads to proper mesodermal Fgf10 expression required for formation of the lung primordium. In the foregut endoderm, the RA regulation of Dkk1, and ultimately Wnt, contributes to maintenance of lung progenitor cell fate. RA may also influence the response of the foregut endoderm to Fgf10, presumably through a Tgfβ target asymmetrically distributed in the left-right aspect of endoderm.
